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tumor suppressor protein, a central player in the DNA
damage response in mammalian cells that is mutated
in more than 50% of human cancers (reviewed in Zhou
and Elledge, 2000).
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The best-studied transcriptional targets of the Mec1/Umea˚ University
Rad53 checkpoint pathway are the genes encoding ribo-SE 901 87 Umea˚
nucleotide reductase (RNR) (Huang and Elledge, 1997;Sweden
Huang et al., 1998). RNR catalyzes the rate-limiting step2 Department of Genetics and Development
in the production of deoxyribonucleoside triphosphatesColumbia University
(dNTPs), the precursors for DNA synthesis (reviewed byCollege of Physicians and Surgeons
Reichard, 1988). Most eukaryotic RNRs are 22 hetero-701 West 168th Street
tetramers, in which the large subunit is usually an 2New York, New York 10032
homodimer and the small subunit a 2 homodimer. An
exception occurs in budding yeast, where the small sub-
unit is a heterodimer formed by the products of the twoSummary
essential genes, RNR2 and RNR4 (Huang and Elledge,
1997; Wang et al., 1997; Chabes et al., 2000).In eukaryotes, DNA damage elicits a multifaceted re-
RNR is controlled by several regulatory mechanismssponse that includes cell cycle arrest, transcriptional
that maintain the four dNTPs at optimal levels duringactivation of DNA repair genes, and, in multicellular
DNA replication and repair (Elledge et al., 1992; Rei-organisms, apoptosis. We demonstrate that in Sac-
chard, 1988). Failure to provide sufficient and balancedcharomyces cerevisiae, DNA damage leads to a 6- to
dNTP pools can lead to the misincorporation of dNTPs8-fold increase in dNTP levels. This increase is con-
into DNA, which in turn results in genetic abnormalitiesferred by an unusual, relaxed dATP feedback inhibition
and cell death. The mammalian RNR genes, like thoseof ribonucleotide reductase (RNR). Complete elimina-
of yeast, are subject to transcriptional induction aftertion of dATP feedback inhibition by mutation of the
DNA damage. Interestingly, activation of the recentlyallosteric activity site in RNR results in 1.6–2 times
identified small subunit RNR gene p53R2 depends onhigher dNTP pools under normal growth conditions,
p53, which emphasizes the importance of dNTP regula-and the pools increase an additional 11- to 17-fold
tion after DNA damage in yeast and mammalian systems
during DNA damage. The increase in dNTP pools dra-
(Tanaka et al., 2000; Guittet et al., 2001).
matically improves survival following DNA damage, In addition to transcriptional regulation, the Mec1/
but at the same time leads to higher mutation rates. Rad53 pathway regulates RNR by a mechanism that
We propose that increased survival and mutation rates utilizes a novel protein Sml1 (suppressor of mec1 lethal-
result from more efficient translesion DNA synthesis ity), which binds to yeast RNR and inhibits its activity
at elevated dNTP concentrations. (Zhao et al., 1998, 2000; Chabes et al., 1999). Sml1 levels
decrease during S phase and become undetectable
Introduction after DNA damage, which results in de-repression of
RNR activity (Zhao et al., 2001). The disappearance of
Eukaryotic cells respond to DNA damage by arresting Sml1 protein is due to posttranscriptional regulation and
the cell cycle and activating genes involved in DNA re- requires Mec1/Rad53-dependent phosphorylation. The
pair (reviewed by Weinert, 1998). In budding yeast, two removal of Sml1 during S phase defines the essential
central players in the DNA damage response are the function of Mec1 and Rad53 (Zhao et al., 2001). Failure
protein kinases Mec1 and Rad53 (reviewed by Elledge, to remove Sml1 in mec1 and rad53 mutants results in
decreased dNTP levels, incomplete DNA replication, de-1996). The Mec1/Rad53 cell cycle checkpoint pathway
fective mitochondrial DNA propagation, and cell death.is required to arrest or slow down progression in all
Mutant strains lacking Sml1 grow normally, exhibit in-phases of the cell cycle. At the same time, Mec1 and
creased resistance to DNA-damaging agents, and haveRad53 induce transcription of a number of DNA repair
2.5 times higher dNTP levels compared to wild-typegenes (Huang et al., 1998). The MEC1 and RAD53 genes
(Zhao et al., 1998). The existence of two distinct Mec1/are evolutionarily conserved to human genes, which link
Rad53-dependent mechanisms affecting ribonucleotideDNA damage and checkpoint control to various human
reductase activity after DNA damage underscores thedisorders and cancer: Mec1 is a homolog of the human
importance of dNTP regulation for DNA repair.ATR (ataxia- and Rad-related) gene, while Rad53 is a
The third and most extensively studied mechanismhomolog of human CHK2 (reviewed in Rotman and Shi-
of RNR regulation is allosteric control (Thelander and
Reichard, 1979). In both mammalian and yeast RNR, the
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ATP ratio (Reichard et al., 2000). When the dATP pool
reaches a certain level, RNR activity is shut off by dATP
feedback inhibition.
While much effort has been invested in understanding
the regulation of yeast RNR, few studies have explored
how this regulation affects dNTP pools in vivo. All three
mechanisms discussed above are expected to regulate
the overall activity of RNR. However, it is not known
how these regulatory mechanisms integrate and which
of them primarily determines the dNTP levels under nor-
mal growth conditions and after DNA damage. It is also
unclear whether dNTP levels increase when DNA is dam-
aged. Transcriptional induction of the RNR genes and
removal of Sml1 likely result in increased RNR activity.
However, the dATP feedback inhibition of the enzyme
is expected to restrain the production of the dNTPs, as Figure 1. Changes in the dNTP Levels in Logarithmically Growing
has been shown in mammalian cells (Eriksson et al., Yeast Cells in Response to DNA Damage
1981; Weinberg et al., 1981; Caras and Martin, 1988). Wild-type yeast (W1588-4C) and their time-dependent response to
Therefore, it is possible that the biosynthetic capacity treatment with 0.2 mg/l 4-NQO (A) or 0.01% MMS (B). Time-depen-
dent changes in dATP pool in wild-type (W1588-4C) and rnr3of yeast RNR may increase after DNA damage without
(AC21) strains in response to treatment with 0.2 mg/l 4-NQO (C).significantly affecting dNTP levels.
We hypothesized that investigation of the allosteric
regulation of RNR would provide clues to understanding
ingly, the strain lacking RNR dATP feedback inhibitionthe regulation of dNTP levels in yeast. The allosteric
accumulated mutations at an 3 times higher rate inactivity and allosteric specificity sites are located on
the absence of DNA damage and at an 2 times higherthe large subunit of RNR. Yeast cells have two highly
rate in the presence of DNA damage compared to thehomologous genes encoding the  polypeptides of the
parental wild-type strain under similar conditions. Welarge subunit: RNR1 (essential) and RNR3 (nonessential)
also demonstrate that in wild-type yeast after DNA dam-(Elledge and Davis, 1990). The level of RNR1 mRNA
age, the dNTP levels are4 times higher than the levelsfluctuates during the cell cycle, being highest during the
present in undamaged cells during S phase, suggestingS phase, while RNR3 mRNA is induced only after DNA
that DNA repair requires a higher concentration ofdamage. However, the contribution of RNR3 to ribonu-
dNTPs compared to normal DNA replication. The in-cleotide reduction and DNA damage response in vivo
creased dNTP pools confer resistance to DNA-damag-is probably negligible: although RNR3 overexpression
ing agents, suggesting a direct correlation between therescues the lethality of rnr1 null mutants, its deletion
increase in dNTP levels and cell survival after genotoxicgives no obvious phenotype and does not result in in-
stress.creased DNA damage sensitivity (Elledge and Davis,
1990). The specific activity of Rnr3 in vitro is less than
one percent of that measured for Rnr1 and, even after
ResultsDNA damage, the in vivo level of Rnr3 protein is 10
times lower than that of Rnr1 (Domkin et al., 2002).
The Levels of dNTPs in Yeast IncreaseTherefore, we focused on the allosteric regulation of
Dramatically after DNA DamageRnr1-containing RNR as the major species during nor-
In addition to the relaxed allosteric dATP feedbackmal growth and after DNA damage.
mechanism, S. cerevisiae has two other mechanisms ofRecently, we demonstrated that despite the con-
controlling RNR activity: via the protein inhibitor Sml1served allosteric activity site, Rnr1-containing yeast
and via transcriptional regulation of the RNR genes. AfterRNR is not inhibited in vitro by dATP at concentrations
DNA damage, the levels of Sml1 quickly decrease (Zhaoup to 50 M (Domkin et al., 2002). In comparison, the
et al., 2001) and concomitantly, transcription of all RNRmammalian enzyme is already 50% inhibited at 5–10
genes increases many fold (reviewed in Elledge et al.,M dATP (Eriksson et al., 1979; Reichard et al., 2000). We
1993; Huang and Elledge, 1997). Because yeast RNRcalled this property “relaxed dATP feedback inhibition.”
has an unusually relaxed response to dATP feedbackThis in vitro result prompted us to address the role of
inhibition in vitro, we predicted that dNTP levels mightdATP feedback in vivo. We reasoned that if a dATP
increase after DNA damage.feedback mechanism operates only at high dATP con-
To test this hypothesis, we treated logarithmicallycentration in vitro, then RNR activity in vivo should be
growing yeast cells with 0.2 mg/l 4-nitroquinoline-controlled primarily by Sml1 and transcriptional regula-
N-oxide (4-NQO), a mutagen that acts as a UV mimetiction of the RNR genes.
(Friedberg et al., 1995). The increase in dNTP levels wasIn the present study, we observed that dNTP levels
noticeable after 30 min (data not shown), and after 2.5in yeast cells are increased 6- to 8-fold after DNA dam-
hr the dNTP levels are 6- to 8-fold higher than those inage. To evaluate the role of allosteric regulation of yeast
the nontreated control cells (Figure 1A). A similar in-RNR in vivo, we constructed a strain with a mutant RNR,
crease in dNTP levels was observed after treating cellsrnr1-D57N, that completely lacks dATP feedback inhibi-
with 0.01% methyl methane sulfonate (MMS), a DNAtion. The dNTP pools in this strain were 1.6–2 times
alkylating agent, (Figure 1B), and 15–120 J/m2 of UV lighthigher under normal growth conditions and additionally
increased 11- to 17-fold during DNA damage. Interest- (data not shown).
DNA Damage Leads to Increased dNTP Pools in Yeast
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We also tested how 4-NQO treatment affects dNTP
levels in yeast cells lacking Rnr3 by monitoring the level
of dATP (Figure 1C). We found that both the dynamics
and the levels of increase in the dATP pool were identical
in the wild-type and the rnr3 strains. This result is in
agreement with earlier observations that the rnr3 strain
has no obvious phenotype and is not more sensitive to
DNA damage than wild-type cells (Elledge and Davis,
1990). This is not surprising, since Rnr3 has a very low,
specific activity and is present at 10-fold lower levels
than Rnr1 even during DNA damage (Domkin et al.,
2002).
Mutation of the Allosteric Activity Site
of Rnr1 Completely Abolishes
dATP Feedback Inhibition
The increase in dNTP levels after DNA damage sug-
gested that the dATP feedback regulation of RNR in
vivo is either completely nonfunctional or is relaxed and
operates only at higher dATP concentration. To distin-
guish between these possibilities, we first constructed
a mutant RNR completely lacking dATP feedback inhibi-
tion. From studies of the mouse R1 protein, a homolog
of yeast Rnr1 and Rnr3, it is known that mutation of the
aspartic acid in position 57 to asparagine destroys the
allosteric activity site and leads to complete resistance
to dATP feedback inhibition (Caras and Martin, 1988;
Reichard et al., 2000). Mouse cells possessing such a
mutation in one of the copies of the R1 gene have 3-fold
increased pyrimidine dNTP pools and 9-fold increased
purine dNTP pools in comparison to the parental cell
line (Weinberg et al., 1981). On the basis of the homology Figure 2. dATP Feedback Inhibition of Yeast RNR Regulates dNTP
Levels Both in the Absence and Presence of DNA Damagewith the mouse R1 protein, we identified the putative
In vitro activity of yeast RNR containing either 0.2 M of wild-typeallosteric activity site in yeast Rnr1 and replaced the
Rnr1 or 0.2 M of Rnr1-D57N in response to increasing concentra-aspartic acid residue located in this site (position 57)
tion of dATP. Assays were done in the presence of 1 M of Rnr2/by an asparagine residue. We then expressed in and
Rnr4 heterodimer (A). The levels of dNTPs in logarithmically growing
purified from bacteria the Rnr1-D57N protein and tested wild-type (W1588-4C) and rnr1-D57N (AC23) strains (B). Dose-
the sensitivity of the mutant enzyme to dATP in an in dependent increase of the dNTP levels in wild-type (W1588-4C) (C)
vitro RNR assay in the presence of ATP. As predicted, or rnr1-D57N (AC23) (D) strains treated for 2 hr with increasing
concentrations of 4-NQO. (E) Combined data from (C) and (D) plottedthe D57N mutation makes the Rnr1 completely resistant
on the same y axis, showing the dNTP levels in the wild-type andto dATP inhibition (Figure 2A).
rnr1-D57N strains (indicated by WT and D57N, respectively) at 0
and 0.2 mg/l 4-NQO (indicated by “” and “,” respectively). The
The rnr1-D57N Mutation Leads to Higher Levels relative difference in the dNTP pools is indicated at the top of each
of dNTPs in Yeast Cells bar; each dNTP pool in the untreated wild-type cells is assigned a
value of one. The relative difference in the dNTP pools betweenTo elucidate the role of dATP feedback inhibition in
untreated and treated rnr1-D57N cells is shown in parenthesis.regulating dNTP levels in vivo, we replaced the wild-
type RNR1 gene with the rnr1-D57N allele in the haploid
yeast strain, W1588-4C (Table 1). The mutant yeast cells
elimination of dATP feedback inhibition in yeast doesgrow normally and have no obvious phenotype. Determi-
not result in an as dramatic increase in dNTP levels asnation of the dNTP pools in logarithmically growing cells
in mammalian cells (1.6- to 2-fold in yeast versus 3- torevealed that the mutant strain has 1.6- to 2-fold higher
9-fold in mammalian cells), it does, however, have adNTP pools in comparison to the parental wild-type
biologically important role in the regulation of the dNTPstrain (Figure 2B).
levels under normal growth conditions. Additionally, thePrevious reports have shown that an increase in dNTP
rnr1-D57N strain, compared to wild-type, shows an in-pools can lead to a mutator phenotype (Weinberg et
crease in base substitutions primarily at G-C pairs andal., 1981; Caras and Martin, 1988; Zhang et al., 1996;
in frameshift insertions (Table 2).Reichard, 1988, and references therein). Therefore, we
examined the effect of increased levels of dNTPs in the
rnr1-D57N mutant on the fidelity of DNA replication in The Increase in dNTP Levels after DNA Damage
Is Restricted by dATP Feedback Inhibitionvivo by measuring the forward mutation rate to canavan-
ine resistance (Canr). The results in Table 2 demonstrate Since inhibition of RNR by Sml1 is completely relieved
after DNA damage, there are two remaining mechanismsthat, under normal growth conditions in rnr1-D57N
strains, there is an 3-fold increase in the mutation involved in control of dNTP levels: transcriptional regula-
tion of the RNR genes and the allosteric regulation ofrate at the CAN1 locus. We conclude that although the
Cell
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Table 1. Yeast Strains Used in This Study
Strain Genotype Reference
W1588-4C MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 Zhao et al., 1998
ura3-1 RAD5
U952-3B MATa sml1::HIS3 Zhao et al., 1998
AC21 MATa rnr3::kanMX6 This study
AC23 MATa rnr1-D57N This study
W3779-2C MAT rnr1-D57N This studyA
W4069-4C MATa RNR1 CAN1 This study
W4069-8C MAT rnr1-D57N CAN1 This study
W3930-13C MATa dun1::URA3 This studyB
W3930-11B MAT dun1::URA3 sml1::HIS3 This studyB
W3930-12B MATa dun1::URA3 rnr1-D57N This studyB
W3930-2D MATa rnr1-D57N sml1::HIS3 This studyB
W3930-4D MATa rnr1-D57N sml1::HIS3 dun1::URA3 This studyB
All yeast strains are derivatives of W1588-4C, and only the genotype that is different from the parental strain is listed in the table. W1588-4C
is in a W303 background (Thomas and Rothstein, 1989), except that it is RAD5.
ASegregant from a cross of AC23 to the wild-type parent of the opposite mating type; used in the DNA damage sensitivity experiments.
B Segregants from a cross between W3779-2C and W1830-8A MATa dun1::URA3 sml1::HIS3; used in the DNA damage sensitivity experiments.
RNR by dATP feedback inhibition. To elucidate whether the rnr1-D57N strain exhibits a 2-fold increase in the
mutation rate to Canr compared to wild-type strains (Ta-the dATP feedback mechanism restricts dNTP levels
when Sml1 inhibition is relieved, we treated the rnr1- ble 2). In both strains, 4-NQO leads to base substitutions
predominantly at guanine bases with similar rates ofD57N strain as well as the parental wild-type strain with
increasing concentrations of 4-NQO (Figures 2C and 2D, G→A transitions. However, in the rnr1-D57N strain, the
2-fold higher mutation rate is accounted for by a specificnote different scales). In both strains, increased dNTP
pools are observed with as little as 0.02 mg/l 4-NQO, increase of G→C and G→T transversions and frameshift
insertions. Similar to our results for the spontaneousand maximal pool levels are detected at 0.2–0.5 mg/l
4-NQO. Surprisingly, the dNTP levels in the rnr1-D57N mutation rates to Canr, there is a direct correlation be-
tween an increase in dNTP levels and the mutation rate.strain treated with the mutagen are 20- to 30-fold higher
than in the nontreated wild-type cells, and 4-fold
higher than in the mutagen-treated wild-type cells (Fig- Resistance to DNA Damage Correlates with the
Ability of Yeast to Increase Its dNTP Poolsure 2E). This experiment clearly demonstrates that the
dATP feedback mechanism is functional in yeast and is Next, we dissected the contribution of each of the three
regulatory mechanisms controlling RNR activity to sur-active during DNA damage. We also found that wild-
type and sml1 isogenic strains have identical dATP vival of DNA damage. We examined the DNA damage
sensitivity of strains with single mutations affecting eachlevels after DNA damage (data not shown). Thus, we
conclude that dATP feedback is the principal mecha- mechanism or with various combinations of the muta-
tions to 4-NQO using a quantitative survival assay. Anism that keeps dNTP pools in check during DNA dam-
age, when the Sml1-dependent control is eliminated and dun1 mutant strain, deficient in the transcriptional in-
duction of RNR genes (Zhou and Elledge, 1993) and inthe transcription of the RNR genes is increased.
removal of the inhibitor Sml1 (Zhao and Rothstein, 2002),
exhibits severe DNA damage sensitivity (Figure 3B; Zhournr1-D57N Confers Increased Resistance
to DNA Damaging Agents and Elledge, 1993). This sensitivity is suppressed to
wild-type levels when either of the negative RNR regula-We examined the biological effect of the increased dNTP
pools in the rnr1-D57N mutant after DNA damage. The tors is eliminated in dun1 rnr1-D57N or dun1 sml1
(Figure 3B). The sml1 single mutant does not displayresults from the spot assays presented in Figure 3A
show that the rnr1-D57N strain is more resistant than a significant increase in survival when compared to wild-
type.the isogenic wild-type strain to irradiation with UV light
and to the UV-mimetic drug 4-NQO; it is also slightly Elimination of the allosteric control in the rnr1-D57N
strain results in a dramatic increase in survival of DNAmore resistant to MMS. Compared to the wild-type,
there was no observed effect on survival after treatment damage induced by 4-NQO when compared to wild-
type (Figure 3B). No additional resistance is observedwith hydroxyurea (HU) or  irradiation. The lack of effect
on survival in HU is not unexpected since it directly in the sml1 rnr1-D57N double mutant compared to
the rnr1-D57N isogenic strain. Unexpectedly, the dun1inhibits the activity of RNR by quenching the tyrosyl
radical of the small subunit (Reichard, 1988). The ab- sml1 rnr1-D57N triple mutant also exhibits the same
high resistance to DNA damage as the rnr1-D57N singlesence of increased survival in the rnr1-D57N strain after
-ray induced double-stranded DNA breaks may reflect mutant. This result is surprising since the triple mutant
is unable to efficiently induce transcription of the RNRthe fact that additional factors, other than dNTPs, are
limiting under those conditions. In addition to analyzing genes.
A strain with the rnr1-D57N mutation also exhibitssurvival in the presence of DNA damaging agents, we
measured the mutation rate in the presence of a low a modest increase in survival after UV irradiation. In
addition, the rnr1-D57N mutation rescues the UV sensi-dose of 4-NQO. Under these experimental conditions,
DNA Damage Leads to Increased dNTP Pools in Yeast
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Table 2. Canr Mutation Rates and Spectra in Wild-Type and rnr1-D57N Strains
0.05 mg/l Mutation 95% Confidence Specific Mutation
Strain 4-NQO Rate (107) Interval (107) Type of Event Occurrence Rate (107)
Wild-type, W4069-4C None 2.9A 2.4–3.6 Base substitution
in GC pairs 17/28 (61%) 1.76
in AT pairs 9/28 (32%) 0.93
Frameshift
deletions 2/28 (7%) 0.21
insertions 0/28 (0%) 	0.1
rnr1-D57N, W4069-8C None 9.3A 7.6–10.3 Base substitution
in GC pairs 19/26 (73%) 6.80
in AT pairs 2/26 (8%) 0.72
Frameshift
deletions 0/26 (0%) 	0.36
insertions 4/26 (15%) 1.43
8 bp deletion 1/26 (4%) 0.36
Wild-type, W4069-4C  12B 9.6–14 Base substitution
in GC pairs 28/29 (97%) 11.59
in AT pairs 0/29 (0%) 	0.41
G→A 10/29 (34%) 4.14
G→C, G→T 11/29 (38%) 4.55
C→T 2/29 (7%) 0.82
C→G, C→A 5/29 (17%) 2.06
Frameshift
deletions 1/29 (3%) 0.41
insertions 0/29 (0%) 	0.41
rnr1-D57N, W4069-8C  23B 20–27 Base substitution
in GC pairs 27/32 (84%) 19.40
in AT pairs 1/32 (3%) 0.72
G→A 5/32 (16%) 3.60
G→C, G→T 18/32 (56%) 13.00
C→T 1/32 (3%) 0.72
C→G, C→A 3/32 (9%) 2.16
T→G 1/32 (3%) 0.72
Frameshift
deletions 0/32 (0%) 	0.72
insertions 3/32 (9%) 2.16
231 bp deletion 1/32 (3%) 0.72
A The median for 15 independent cultures. The difference between the two rates is significant (p 	 0.0001).
B The median for 5 independent cultures. The difference between the two rates is significant (p 	 0.01).
tivity of a dun1 strain (Figure 3C). The smaller effect cells (Figure 4C). The corresponding increase in the py-
rimidine dNTPs is about 3-fold. The NTP pools do notof the rnr1-D57N mutation on the survival of UV-induced
damage compared to the effect observed with the UV fluctuate at all during the cell cycle. Remarkably, the
dNTP pools in logarithmically growing wild-type cellsmimetic 4-NQO might be explained by the different con-
tinuity of each treatment. The UV irradiation treatment induced by 4-NQO are 3- to 5-fold higher than the dNTP
pools in untreated synchronized S-phase cells (Fig-is short (essentially only a few seconds) and, therefore,
it directly affects a single generation, whereas exposure ure 4A).
to 4-NQO is continuous and leads to DNA damage and
increased dNTP pools in multiple generations. Discussion
Our current view of how the three regulatory layers inte-The dNTP Levels after DNA Damage Are Three
to Five Times Higher Than the Maximal dNTP grate to control RNR activity and dNTP pools in yeast
are summarized in Figure 5. During the normal cell cycle,Levels during an Unperturbed Cell Cycle
To compare the maximum levels of dNTPs during the the allosteric and transcriptional control of RNR and
Sml1 inhibition contribute to the regulation of dNTP lev-cell cycle with those observed after DNA damage, we
measured dNTP levels in S phase synchronized cells els. Outside S phase, when RNR1 transcription is down-
regulated (Elledge and Davis, 1990) and the concentra-and in logarithmically growing cells treated with 4-NQO
(Figure 4A). Wild-type cells were synchronized by tion of Sml1 is high (Zhao et al., 2001), RNR is
presumably bound by Sml1 and is therefore inactive,-factor arrest, and scoring for budding index demon-
strated that the cells progressed synchronously through resulting in low dNTP pools. Since dATP concentration
is low under these conditions, dATP feedback inhibitionthe cell cycle (Figure 4B). We found that, as expected,
the maximal concentration of dNTPs correlates with S most likely does not play a significant role in the regula-
tion of dNTPs outside S phase. During S phase, the levelphase. The cell cycle fluctuation is more pronounced
for purine dNTPs, which increase more than 6-fold dur- of Sml1 decreases while RNR1 transcription is activated
(Elledge and Davis, 1990; Zhao et al., 2001). This leadsing the first S phase compared to the  factor-arrested
Cell
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Figure 3. dNTP Levels Directly Correlate with Survival of DNA Damage
(A) The rnr1-D57N mutation increases resistance to DNA damaging agents. Mid-log phase cultures grown in YPD were spotted at 10-fold
serial dilutions on control and treatment plates and incubated for 4 days at 30
C. YPD plates without a drug or irradiation confirm the accuracy
of dilution and plating. Wild-type (W1588-4C) and rnr1-D57N (W3779-2C) cells were spotted on YPD plates and irradiated with 120 J/m2 of
UV light or 160 Krad of -rays, or on YPD plates containing 0.04% MMS, 200 mM HU, or 0.3 mg/l 4-NQO.
(B and C) Contribution of the three different layers of RNR regulation to survival of DNA damage. Wild-type (W1588-4C), rnr1-D57N (W3779-
2C), sml1 (U952-3B), dun1 (W3930-13C), dun1 sml1 (W3930-11B), dun1 rnr1-D57N (W3930-12B), sml1 rnr1-D57N (W3930-2D), and
dun1 sml1 rnr1-D57N (W3930-4D) cells were grown to mid-log phase, sonicated, and counted; appropriate dilutions were plated on YPD
plates containing indicated amounts of 4-NQO (B) or on YPD plates and were UV irradiated at the indicated doses (C). Colonies were counted
after 4 days of incubation at 30
C. All data points represent at least three experiments. Error bars indicate the standard error of the mean.
to an increase in RNR activity and dNTP pools. At this Eckstein et al. (1974) reported that dNTP levels also
increase in yeast in response to  irradiation. It is inter-point, the increased dATP levels and decreased Sml1
levels are in a dynamic equilibrium with RNR, both con- esting that an even greater increase in dNTP levels dur-
ing DNA damage is restricted by this same dATP feed-tributing to the regulation of RNR activity. Elimination
of dATP feedback inhibition in the rnr1-D57N strain re- back inhibition. We base this conclusion on the
observation that during DNA damage, the dNTP levelssults in 1.6- to 2-fold higher dNTP pools compared to
the parental wild-type strain, because the enzymatic are 4-fold higher in the dATP feedback-deficient rnr1-
D57N strain compared to the isogenic wild-type strainactivity of RNR is now controlled only by equilibrium
with Sml1. Currently, we do not know whether the Sml1 (Figure 5, fifth bar). At this point, the size of the dNTP
pools in the rnr1-D57N mutant starts to be comparablemechanism can, like the dATP feedback mechanism,
directly “sense” dNTP levels and fine-tune them accord- with the size of the NTP pools. For example, the dATP
pool is almost 20% of the ATP pool (data not shown).ingly to the needs of the replication apparatus.
After DNA damage, Sml1 inhibition is completely re- Perhaps an even higher increase is restricted by the
amount of RNR substrates (the ribonucleoside diphos-lieved (Zhao et al., 2001), while the transcription of all
four RNR genes is increased (Figure 5, fourth bar; Huang phates), the amount of the RNR enzyme, or the depletion
of ATP. Thus, we demonstrate that the yeast RNR ma-and Elledge, 1997; Huang et al., 1998). Previously, we
demonstrated that in vitro, yeast RNR has a relaxed chinery is designed to provide different dNTP levels
during the normal cell cycle and after DNA damage. Theresponse to dATP inhibition and this leads to an 10
times lower sensitivity of yeast RNR to dATP compared relaxed dATP feedback mechanism allows the increase
of the dNTP pools after DNA damage, when Sml1 inhibi-to mouse and bovine RNRs (Domkin et al., 2002). In
logarithmically growing cells, this lower dATP sensitivity tion is relieved and transcription of RNR genes is upreg-
ulated.along with the upregulation of RNR activity results in an
6- to 8-fold increase in the dNTP levels in response We also show that there is a strict correlation between
increased dNTP levels and increased survival duringto DNA damage produced by 4-NQO (bulky base dam-
age), UV light, or MMS (alkylating agent). Earlier, DNA damage. We investigated this relationship by dis-
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Figure 4. dNTP Pools during DNA Damage
Are Higher Than in S Phase
(A) Solid bars represent dNTP levels in un-
treated logarithmically growing cells (W1588-
4C), slashed bars represent dNTP levels in
logarithmically growing cells after 150 min of
0.2 mg/l 4-NQO treatment, and open bars
represent dNTP levels in -factor treated
cells synchronously progressing through the
cell cycle. Samples for dNTP and NTP deter-
mination were taken every 15 min (indicated
under the bars) and scored for budding index
(B). (C) The relative dNTP pools and NTP pool
during the cell cycle, where 100% is assigned
to the dNTP or NTP pools in the  factor-
arrested cells. The NTP pool is an average of
CTP, UTP, ATP, and GTP pools in each time
point.
rupting one or several RNR regulatory mechanisms to phase, an increase might be necessary for DNA poly-
merases  or , which fill in gaps produced during DNAmanipulate RNR activity. First, a dATP feedback-defi-
cient rnr1-D57N strain has 4 times higher dNTP levels excision repair. Although the absolute amount of dNTPs
required for this process is small, the gaps will not beafter DNA damage than the wild-type (Figure 2E) and
shows a dramatically increased resistance to 4-NQO filled in efficiently if the concentration of substrates
(dNTPs) is far below the Km of the polymerases forand UV light (Figure 3). Second, we could not detect
any significant difference in dNTP levels in sml1 and dNTPs. During S phase, when DNA damage is encoun-
tered, an increase in dNTP concentration above normalwild-type strains during treatment with 4-NQO. Accord-
ingly, an sml1 strain exhibits approximately the same S phase levels might be essential for translesion DNA
synthesis (TLS) (Prakash and Prakash, 2002). TLS playsresistance to 4-NQO-induced damage as wild-type (Fig-
ure 3). These results are best explained by the fact that a major role in repair during S phase. It has been pro-
posed that, in spite of increased mutagenicity, such aSml1 is quickly degraded during the DNA damage re-
sponse in wild-type strains (Zhao and Rothstein, 2002). process may be inherently more advantageous than the
other repair mechanisms where interruptions in theThird, a dun1 strain, which is unable to upregulate
transcription of the RNR genes and to remove Sml1 in newly synthesized strands persist for long periods. Both
replicative and specialized polymerases participate inresponse to DNA damage, is highly sensitive to DNA
damage (Zhou and Elledge, 1993; Zhao and Rothstein, TLS, and several modes of action have been proposed
(reviewed in Prakash and Prakash, 2002). Bypass of2002). This sensitivity is relieved by mutations that in-
crease the dNTP levels: either sml1 or rnr1-D57N. Fur- abasic sites is most probably carried out by the con-
certed action of polymerases  and , where pol  insertsthermore, a dun1 sml1 rnr1-D57N triple mutant is
as resistant to 4-NQO as an sml1 rnr1-D57N double a nucleotide opposite the lesion and pol  extends from
the site of the lesion. Bypass of (6-4) photoproducts ismutant and an rnr1-D57N single mutant (Figure 3). This
result indicates that in the absence of Sml1 (either due likely carried out by the dual actions of pol  and pol ,
while cyclobutane pyrimidine dimers can be bypassedto its deletion or after its DNA damage-dependent deg-
radation in wild-type cells), an rnr1-D57N mutation alle- by pol  alone.
Interestingly, yeast TLS polymerases often requireviates the need for Dun1-dependent up-regulation of
RNR genes. Taken together, these results show that more than 10 times higher concentrations of dNTPs for
binding a nucleotide opposite a lesion compared to nu-higher dNTP pools directly correlate with the ability of
cells to survive genotoxic stress. cleotide binding by a replicative polymerase opposite
an undamaged site. For example, the replicative pol We determined that the dNTP levels during the DNA
damage response are 4-fold higher than the maximal has a Km of 0.28 M for binding dCTP opposite a dG
(Shimizu et al., 2002). Similarly, pol  has a Km of 0.19levels found at any stage of the cell cycle (Figure 4).
Which cellular processes may require an increase in M for binding dCTP opposite a dG, but its Km for binding
dCTP opposite an -hydroxypropanodeoxyguanosine isdNTP concentration during DNA repair? Outside S
Cell
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Figure 5. Schematic Representation of the
Relationship between Different Layers of
RNR Regulation and dNTP Levels in Yeast
Note that in wild-type yeast, binding of Sml1
(crescent shape), dATP (black square), or
both can lead to inhibition of RNR activity.
The activity of Rnr1-D57N mutant is inhibited
by binding of Sml1, but not by dATP. The
height of the bars is symbolic and does not
reflect the actual scale of increase in dNTP
pools. The spatial separation of the active
versus inactive RNR molecules does not rep-
resent difference in cellular localization and
is used only to emphasize the correlation be-
tween active molecules and levels of dNTPs.
Outside S phase, RNR levels are low and
most of the RNR enzyme is inhibited by Sml1.
This leads to low levels of dNTPs effectively
rendering the dATP feedback inhibition “non-
functional”. During S phase, transcriptional
induction of the RNR genes results in an in-
creased number of RNR molecules, while
Sml1 protein levels decrease partially reliev-
ing Sml1-dependent inhibition. These pro-
cesses generate an increase in dNTP levels,
which are now influenced by the dATP feed-
back inhibition of RNR in wild-type cells, but
not in the rnr1-D57N mutant. Thus, the rnr1-
D57N strain has higher dNTP levels than wild-
type during normal growth. When cells are
treated with DNA damaging agents, the inhib-
itor Sml1 is completely removed and the RNR genes are strongly induced. Under these conditions, dNTP levels are kept in check via dATP
feedback inhibition. The rnr1-D57N mutation eliminates this regulation, resulting in higher levels of dNTPs compared to wild-type.
2.0 M (Minko et al., 2002) and 5.1 M for binding dCTP centrations. Surprisingly, the increased dNTP pools in
the rnr1-D57N strain resulted in errors predominantly atopposite an O6-methylguanine (Haracska et al., 2000).
Even more dramatic is the difference in Km values for G-C pairs. Since we have not observed any significant
dNTP pool imbalance in the rnr1-D57N strain, we pro-binding by pol  at an undamaged site versus a (6-4)
T-T photoproduct: 0.48 M for binding dATP opposite pose that polymerases are more prone to make mistakes
at dG or dC bases in the presence of higher dNTP con-dT and 180 M for binding dATP opposite the 3 dT
of the T-T photoproduct. Remarkably, the Km of dGTP centrations.
Similarly to the untreated cells, most of the mutationsbinding opposite the 3 dT of the photoproduct is 3.8
times lower than that for dATP (47 M; Johnson et al., in the 4-NQO-treated wild-type and rnr1-D57N strains
were also base substitutions consistent with an involve-2001) and, correspondingly, dGTP is preferentially in-
serted opposite the 3 dT in vivo (Gibbs et al., 1995). ment of translesion synthesis (Table 2). 4-NQO is known
to predominantly modify dG bases (Friedberg et al.,This preferential insertion of a nucleotide with a lower
Km value indicates that the dNTP concentration is an 1995). Interestingly, most of the substitutions at dG
bases occur in the nontranscribed strand. There areimportant determinant in translesion synthesis. Simi-
larly, other translesion polymerases also require higher several possible explanations for this strand bias. One
involves transcription-coupled repair, where the muta-dNTP concentrations for synthesis through a lesion
compared to an undamaged site (Haracska et al., 2001). genized dG bases of the template strand are preferen-
tially repaired during transcription. Alternatively, strandThese data suggest that at higher dNTP concentra-
tions, DNA polymerases might bypass lesions more effi- bias can be created by leading versus lagging strand
differences in replication through a lesion(s) and/or theciently and/or bypass a greater variety of lesions. How-
ever, we speculate that excessive dNTP levels are a repair of mismatches. Finally, the specific increase in
transversions at dG bases during mutagenesis in thedouble-edged sword. As seen in rnr1-D57N strains, the
benefits of increased DNA damage survival promoted by rnr1-D57N strain may indicate that, at high dNTP con-
centrations, some DNA polymerases more readily incor-higher dNTP concentrations are counteracted by higher
mutation rates. These higher rates likely result from re- porate pyrimidine deoxynucleotides opposite the modi-
fied dG bases.duced fidelity of replicative polymerases and/or activa-
tion of error-prone TLS polymerases during normal S Do dNTP levels also increase after DNA damage in
mammalian cells? Are dNTP levels lower in ATR/ATMphase replication. Indeed, we observed a higher rate of
spontaneous base substitutions and frameshift inser- and CHK2 mutant cells, as they are in yeast mec1 or
rad53 mutants (Zhao et al., 2001)? There are no cleartions in the rnr1-D57N strain than in the wild-type, which
indicates a decrease in replication fidelity (Table 2). The answers yet. A strict dATP inhibition of the mammalian
RNR activity has been observed both in vitro and in vivohigher rate of extending from a mismatch at the expense
of proofreading is consistent with increased dNTP con- (Eriksson et al., 1979; Reichard et al., 2000). Conse-
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and added to 800 l of ice-cold Freon–trioctylamine mixture [10 mlquently, the increased levels of the RNR enzyme in mam-
of Freon (Merck, for IR spectroscopy) and 2.8 ml of trioctylaminemalian cells do not result in a general increase in the
(Fluka,99%)]. The samples were vortexed for 20 s and centrifugeddNTP pools (A˚kerblom et al., 1981). However, these
for 1 min at 20 000  g. The aqueous phase was added to 700
dNTP measurements were done in the absence of DNA l of Freon-trioctylamine mixture. The mixture was vortexed and
damage. Thus, mammalian cells may have an as yet centrifuged as above. A 475 l aliquot of the aqueous phase was
used to determine the dNTP pools by HPLC after the addition of 25undiscovered DNA damage-inducible R1 protein with a
l of 1 M NH4HCO3 (pH 8.9). Another 47.5 l aliquot of the aqueousmore relaxed dATP feedback inhibition compared to
phase was mixed with 152.5 l of water and used for the HPLCthe known R1 protein. Alternatively, the DNA damage-
quantification of NTP pools. Separation and quantitation of dNTPsinducible p53R2 protein (Tanaka et al., 2000) or some
and NTPs employing HPLC were carried out as described in Hofer
other factor may alter the allosteric properties of mam- et al., 1998.
malian RNR. In addition, mammalian cells may have an
Sml1-like mechanism for controlling the activity of the Measurement of DNA Damage Sensitivity
RNR. Having shown a DNA damage-dependent eleva- Exponential cultures were sonicated, counted, and plated at the
appropriate dilutions. For the spot assays, 4 l of 10-fold serialtion of the dNTP concentration and a corresponding
dilutions from 105 to 10 cells were spotted on YPD plates or on YPDincreased survival in S. cerevisiae, it will be important
plates containing 4-NQO from a stock in acetone, MMS, or HU atto investigate whether a similar connection exists in
the indicated concentrations. One set of plates was irradiated either
mammalian cells. with 120 J/m2 of UV light or with 160 krad of  rays. For the survival
curves, 5  102 or 5  103 yeast cells were spread on each plate.
Experimental Procedures The YPD plates with drugs at the indicated concentrations were
prepared the day before plating. To measure UV sensitivity, cells
Primers and Plasmids plated on YPD plates were irradiated at indicated doses. All cells
All primers used in this study are listed in Supplemental Table S1 were grown at 30
C for 4 days and the number of viable colonies
(online at http://www.cell.com/cgi/content/full/112/3/391/DC1). was counted. The colony number from two plates without treatment
Plasmids for the expression of the recombinant Rnr1, Rnr2, and was averaged and taken as 100% viability. DNA damage sensitivity
Rnr4 in E. coli were described earlier (Chabes et al., 2000). The experiments were repeated at least three times.
pET3a-rnr1-D57N expression plasmid was obtained by modification
of the pET3a-RNR1 plasmid using the QuikChangeTM Site-directed Measurement of Mutation Frequencies and Rates
Mutagenesis Kit (Stratagene) and the primers D57Ndir and D57Nrev. The spontaneous forward mutation rate to canavanine resistance
(Canr) was measured as described (Shcherbakova and Kunkel,
Yeast Strains 1999). Independent cultures from four different segregants of each
All yeast strains are in the W303 background (Thomas and Rothstein, genotype were inoculated from single colonies and grown to satura-
1989) and are listed in Table 1. Construction of yeast strains is tion in YPD. Cells were washed twice with sterile water and appro-
described in Supplemental Text (online at http://www.cell.com/cgi/ priate dilutions were plated on synthetic complete (SC) medium
content/full/112/3/391/DC1). Yeast cultures were grown in YPD or lacking arginine and containing 60 g/ml of L-canavanine (SC-Arg
YPDA media (1% yeast extract, 2% peptone, and 2% dextrose, with Can) for Canr colonies and on SC plates to count viability. To deter-
or without 0.004% adenine sulfate) at 30
C. The cell number was mine whether an increase in dNTP levels during the DNA damage
determined by measuring the optical density of cell suspensions at response affects the mutator phenotype, cells were plated for Canr
600 nm (OD600) and converting to cell number with a standard curve. on SC-ArgCan plates containing 0.05mg/l 4-NQO. Cell viability in
this case was determined by examining survival on SC plates that
also contained 0.05 mg/l 4-NQO. The survival of wild-type and rnr1-Purification of Recombinant Yeast RNR and RNR Assay
D57N cells at this low dose of 4-NQO was 90%. All plates wereExpression and purification of yeast RNR proteins in E. coli were
incubated for 4 days at 30
C before counting. The frequency ofas described (Chabes et al., 2000). Rnr1-D57N was expressed and
forward mutation to Canr at the CAN1 locus was calculated bypurified as described for Rnr1 (Chabes et al., 2000). To determine
dividing the number of Canr colonies by the viable cell count. Muta-RNR activity, assay mixtures containing 20 mM Hepes-KOH (pH
tion rates were calculated from the frequencies as described pre-7.4), 200 mM KOAc, 3 mM ATP, 0-500 M dATP, 20 mM MgOAc2, 1
viously (Drake, 1991). Statistical analyses to determine the 95%mM [3H]cytidine 5-diphosphate (CDP; specific activity 27,000 cpm/
confidence limits for the median and the significance of the differ-nmol), 20 M FeCl3, 20 mM DTT, and RNR proteins were incubated
ences between the mutation rates (Wilcoxon-Mann-Whitney non-at 30
C for 20 min in a final volume of 50 l. After incubation, the
parametric test) were done as described in Shcherbakova and Kun-samples were processed as described (Engstro¨m et al., 1979).
kel (1999), and with the help of the statistical software Prism, v.3
(Graphpad). To determine mutation spectra, we amplified by PCRMeasurement of dNTP Levels before and after DNA Damage
and sequenced DNA from the CAN1 locus using primers listed inYeast cultures were grown exponentially in YPDA for 8 genera-
Supplemental Table S1. The specific mutation rates of base substi-tions. Treatment of yeast with DNA damaging agents was started
tutions and frameshifts were calculated by multiplying the propor-when cultures, grown in liquid YPDA, were at 5  106 cells/ml.
tion of each mutation class by the total mutation rate; frameshifts4-NQO, dissolved in acetone, and MMS were added to the cultures
were defined as insertions/deletions of 2 bp.at the desired concentrations. To irradiate yeast with UV light, cells
were collected by centrifugation, resuspended in 10 ml of sterile
water, and spread on 15 cm sterile petri dishes. The irradiation was Cell Cycle Synchronization
Yeast cultures were grown exponentially in YPDA for8 generationsperformed with 245 nm UV light at 15–120 J/m2 as determined by
a UVX Digital Radiometer (UVP, Inc.). After the irradiation, the cells and at a density of 5  106 cells/ml were treated with -factor
(Novabiochem) and bovine serum albumin (final concentration 3.75were collected by centrifugation and resuspended in fresh YPDA.
At a density from 0.5 to 1.5  107 cells/ml, 1  109 treated or mg/l and 0.2 mg/l, respectively). The cells were allowed to synchro-
nize for 1 hr and then more -factor was added to a final concentra-untreated cells were harvested by filtration through 25 mm White
AAWP nitrocellulose filters (0.8 m, Millipore). The filters were im- tion of 6.25 mg/l. The synchronization was monitored by analysis
in a microscope for “schmoo” formation. After 1.5 hr, arrested cellsmersed in 700 l of ice-cold extraction solution (12% (w/v) trichloro-
acetic acid, 15 mM MgCl2) in Eppendorf tubes. One nmol of dITP were collected by centrifugation, washed with prewarmed medium
containing 1 g/l Pronase E (Sigma), and allowed to resume cell cyclewas added to monitor sample loss during the extraction. The follow-
ing steps were carried out at 4
C. The tubes were vortexed for 30 progression in medium without -factor. To determine the budding
index, at least 300 cells were counted for each time point usings, incubated for 15 min and vortexed again for 30 s. The supernatants
(700 l) were collected after centrifugation at 20 000  g for 1 min phase contrast microscopy.
Cell
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